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Despite continuing advances in hearing conservation
over the past several decades, noise-induced hearing loss
(NIHL) remains a major cause of deafness in industrial-

ized nations. Significant reasons for the persistence of
2

this problem include steadily increasing noise levels
and inherent limitations to environmental engineering
solutions and personal hearing protection devices
(HP D), R.Lonntl\ m\mhu into 111(‘ molecular mecha-
nisms of nm\a—mduaul cochlear injury have led 10
new treatment strategies that render the cochlea more

resistant to noise as well as enhance the recovery of

noise-injured cochleae. Combining this therapeutic
approach with current hearing conservation practices will
&

improve treatment of and protection from acute NIHL.

AMELIORNTING NOISE-INpuctDd Hraring Loss
THROUGIE PHARMACOLOGICAL THERAPIES

Pro1ricring/ ReESTORING MITOCHONDRIA
RIDUCING GLUTAMATE EXCITOTOXICITY
Repucisg GSI Toxierry

AMEVIORATING T1HE EFFFCTS OF INCREASES [N
[NTRACELLULAR CALCILIN

CONCLUSION
SUGGLESTED READINGS

SELE-TEST QUiSTIONS

Luture work mav focus on eochlear sensory cell regen-
eration (o treat and restore hearing even after chronic
hearing losses.

The WS, military and the National Institutes of Health
(NIl have done much to promote and standardize
hearing  conservation practices over the last several
decades, Despite advances, NIHI. i still one of the most
common military disabilities, aflecting an estimated 10 10
15% ol the armed forces. Significant hearing threshold
shift (STS) rates vary from 2954 to over 70% in somce at-sca
Navy job .&[)L(laltl@.\. STS rates tend to be even higher for
aircrew, whether land or sea based, In several studies, STS
rates were reported to be as high as 11% after only short
periods of periodic weapons-generated noise exposure,
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Besictes the military, many other vocations arc consid-

cred to he noise hazardous, The National Institute of

Other
(NIDCD) estimates that some 10 million persons in the

Decafness  and Communication  Disorders
United States have some degree of NIHL. The railroad,
pluml)ing, carpentry, and C()al-mining industrics are
but a few of the noisc-hazardous occupations. Recre-
ational firearm use is popular in the United States and
contributes significantly to the overall problem, and
NIHL contributes significantly to the 30 million individ-
uals in the United States with hearing impairment and to
the associated $56 billion annual cost. In addition, NIHL
is considered to be an international problem, with some
600 million individuals worldwide estimated to be at
risk primarily through occupational expasure.
Environmental engincering solutions to abate noise
are a critical part of prevention and are often effective;
however, thev generally are impractical, cconomically
unfeasible, or inclfective due to physical and acoustic
paramcters. Another important line of defensc is the use

of 11PDs (luring periods of sound exposure. Lack of

compliance obviously negates their eftectiveness for the
protection of hearing; morcover, HPDs suffer from
several inherent limitations. Often, the level of noise
exceeds the protective capability of the HPEY, or damag-
ing sound cnergy is transmitted directly through the
skull, bypassing the protective device, Maintaining a
comfortable and reliable acoustic fit of an 11PD can be
problematic. The clement of surprise coupled with the
need o periodically remove the device to hear also can
lead to acoustic injury. NIHL can occur following even a
short exposure to intense sound. Furthermore, evidence
suggests that inhaled toxicants commonly found in noisy
occupational environments, such as carbon monoxide,
ethyl benzene, toluene, and styrene, can act additively to
injure the noise-exposed inner car. Many of the environ-
mental- and HPD-limiting factors arc difficult to over-
come; hence, phar ma(()loycal-bas(d therapies 1o render
the cochlea more resistant to noise damage, as well az
reverse or treat acute noisc-induced hearing loss, may
prove uscful.

HOW ACOUSTIC OVEREXPOSURE
DAMAGES THE COCHLEA

To develop a ratienal approach to pharmacological
therapies for the prevention or treatment of acoustic
OVCIeXPOsUre, an understan«lil‘lg of the mechanisms by
which noise injures the cochlea must be understood.
Over the past decades, significant progress has been
£ £
made in understanding the cellular and molecular
mechanisms of noise injury to the cochlea. This, in turn,

has led to exciting experimental data, which appear
promising for the development in the near future of
both protective and therapeutic agents to ameliorate the
effects on sound trauma.

Cochlear injury due to excessive noise can be divided
broadly into mechanical and metabolic mechanisms.
With exposures of ~115 to 125 dB sound pressure
level (SPL) at the ear, mechanical damage tends to
predominate, This damage may include the disruption of
such structures as Reissner’s membrane, basilar mem-
branc—cell junctions, damage to or loss of stereocilia
bundles, and even disruplion of subcellular organcllcs,
such as the endoplasmic reticulum. Damage to hair
cell=Deiters’ cell junctions at the level of the reticular
lamina can lead to an admixture of potassium-rich
endolymply, with the perilymph surrounding the cell
bodies of the outer hair cells, leading 1o their d\ estruction,
However, in most clinjcally uluanl scenarios, the level
of noise exposurc o the car is less than 115 dB, and the
damage tends o be metabolically driven. (The remainder
of this chapter will focus on metabolic causes of noise-
induced injury ol audil()r,\' sensory cells and how they
may be amcliorated.)

The cochlea is a highly metabolically active sensory
organ, which receives O.) mL per minute of blood ﬂc)\\
under normal conditions, a relativelv high amount of
flow compared with other organs of similar size. One
theory of noisc-induced cochlear injury is that a
conscquence of acoustic overexposure is a temporary
reduction in blood flow leading to a cochlear ischemia-
repertusion injury similar to that which occurs during a
stroke in the brain.

Although several carlier studies have suggested that
cochlear blood How (CoBI) may increase with some
excessive noise exposures, the evidence from many
recent studies is that CoBl actually decreases to the
cochlea (]urina loud sound cxposure. Investigations
utilizing ln[ra\nal microscopy, which allows for real-
time, continuous and (luamlhahle obscrvation of the
vessels of the lateral wall of the cochiea, have demon-
strated localized ischemia in response to pr()longcd
exposure to a loud sound. In addition, researchers using
laser Doppler How mcters have made measurements of
blood flow in the cochlea during loud sound exposure
that are consistent with the findings of the other reports,
that CoBF decreases during exposure to a traunmatic
level of noise,

The current development of this theory is that noisc
pr()\'okcs h)'[)opcrf'usion and ischemia in the microcircu-
lation of the cochlea, followed by reperfusion of the
cochlea, and this generates reactive oxygen species
(ROS) and other free radicals, as has been demonstrated,
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to oceur in the brain in respense to a stroke. ROS have
been shown o form in the cochlea atier cither loud
sound exposure or blast trauma. It is belicved that these
ROS can assault the sensory cells of the cochlea, which
can lead to cell death, and thus the permanent threshold
shifts associated with NIHI.

Free radical molecules are characterized by the
presence of unpaired clectrons, making them chemically
unstable and highly rcactive with cellular proteins,
membrane lipids, deoxyribonucleic acid (DNA), and
cellular organclles, ROS are further characterized in
that they contain at least one molecule of oxyvgen.
Lvidence for the production of superoxide and h_\"(l]'f)X)']
radical anions in the cochlea in the face of noise-induced
ischemia-reperfusion has heen published.

OXIDATIVE STRESS HYPOTHESIS
FOR NOISE-INDUCED
COCHLEAR INJURY

Lvidence has subsequently accumulated that indicates
that ROS Pla)' a major role in certain acoustic OVEIexpo-
sure conditions. The cvidence for the oxidative stross
hvpothesis is strongly supported by published work from
s - o i . )
several different research centers, Flg. 321 (]C])l(.‘lh a
summary of oxidative stress in the cochlea, depicting [ree
radicals that mayv be generated (Fig. 32—1A), intrinsic
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Figure 32—1 Neisc cxposury couses oxidative stress injury 1o
cochlvar sensory cells, {A) The mamn types of Jree radicals and
reactive ospgen specics (ROS) demonstrated or postulated 1o be

Jormed m the cochlea during acoustic overexposure. (B} The hair

| Antioxidant
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cochlear antioxidant defenses (Fig. 32—1B), and the
consequences ol oxidative darnage to hair cells when
the antioxidant defenses of the auditory sensory cells
arc overwhelmed (Fig. 32—1C). Some of the intrinsic
cochlear antioxidant defenses include antioxidant
enzymes, heat shock proteins, trophic factors, small
molecules such as vitamins C and F, and the ¢rucial
antioxidant molccule, reduced glutathione (GSIT), as
shown in Fig. 32—-1B.

Acoustic overexposure leads to a modulation of
antioxidant enzvmes and a reduction in GSH levels
within the cochlea. The generation of ROS s corre-
lated with acoustic overstimulation in the cochlea,
even after the cessation of the noise exposure. If these
ROS are infused without any nois¢ CcxXposurce into
the cochlea, they produce a characteristic pattern of
damage and hair cell loss just as il the cochlea has been
overstimulated by a damaging level of sound. Lipid
peroxidation, one ol the hallmarks of oxidative stress
injurv within a cell, has been observed in the spiral
sanglion, organ of Corti, and stria vascularis, after
acoustic overstimulation. A reduction ol GSH availabil-
ity to the inner car intensifics noise-induced cochlear
injury. Conversely, augmenting inner car antioxidant
defenses by increasing antioxidant enzyme activity,
increasing ‘the level of available inner var GSIL,
adding cxogenous antioxidant compounds can l'cducc
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cell’ defenses against oxidative stress. (C) IWhen [rec radicals and
ROS gverwhelm the osidative J:;]-i‘mcc Qfa cell. damage occurs o
numerous cellulur compenents, Ieading (o cell mjury and/or cell
dearh, 4-HNE, 4—!1}:1::).1/5--3, 3-noncnal; AIDA, mafnnduu'dcl'y'dc.
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the amount of permanent hearing loss caused by noise.
It has been reported that the well-known increased
sensitivity to noise and other toxins ol the basal region
of the cochlea may in part be due to a relative weak-
ness of antioxidant defenses i, GSH in outer hair
cells (OHCUs) fronm basal regions as compared with the
apical region] in this segment of the cochlear duct.
When ROS or free radicals are gencerated in excessive
amounts, as mav occur with acoustic overexposure, they
overwhelm cochlear antioxidant defenses. These highly
reactive compounds oxidize cell membrane lipids, intra-
cellular proteins, and DNA, leading o injury and/or
cell death, as <hown in Fig. 32—1C. During acoustic
overstimulation, ROS may be generated from a variety
ot sources, including the mitochondria or \L(.()l‘l(]a’l\

1o ischemia- lvpuluxmn toxic clfects of release of

excessive levels of glutamate, large increases in intracel-
lular caleium, or microlesioning of the cell membrane.
Excessive generation of ROS by the cell’s mitochondria
injures those mitochondria, which leads to further
gencration of ROS,

Molccules of ROS are unstable, and they interact
with cell membranes, disrupting  their integrity.
Peroxidation of cell membranes initiates an autocatalytic
chain reaction of cell membrane oxidation with the
production and release of toxins such as 4-hyvdroxy
2,3-nonenal (FINT), an aldchyde adduct of membrane
lipid peroxidation. HNE is itself a toxic molecule, and
when applicd 1o auditory sensory cells, ic causes their
death via apoptosis (programmed cell death). Protein
oxidation may result in the loss of structurally importam
actin filaments, leading 1o the loss of functional hair
bundles and the (h\rul)uon of other important regulatory
proteins that control maintenance of cell \ldl)llll\ for

critical ions {e.g., calcium), This can lead to furtber

.
cell injury and culminate in the initiation of cell suicide;
that is, apoptosis,

Lost hair cells are replaced by the expansion of the
luminal surface arca of neighboring supporting cells,
leaving a scar as part of a healing process. However,
these supporting cell scars that replace the auditory hair
cells cannot transduce sound. It may take several days or

cven weeks alter noise exposure until the actual loss of

hair ¢ells occurs. It is l)ct'oming apparent with narrow-
band noise exposures that a narrow segment ol the
organ ol Corti correlated with the frequency of the
injurious sound loses OHCs within a dav or two, Then,
depending on the intensity of the acoustic overexpo-
surce, waves ol OHC losses occur in both basal and apical
dircetions from the site of the initial injury over a period
of davs 1o weeks, much like the cell death that occurs in
the arcas of the brain (penumbra) that surround the

initial site of a stroke Tesion. The primary made of OHC
death in the apical- and basal-dirceted delayed losses
appears to be apoptosis. This critical time interval can
allow for a potential therapeutic window where rescuc
and repair could be initiated after the noise injury, but
prior to the initiation of programmed cell death,
thereby reducing the amount <>1'pr.\rmancm hearing loss,

ADDITIONAL GENERATORS OF
OXIDATIVE STRESS DURING
ACOUSTIC OVEREXPOSURE

If oxidative stress plays a major role in noise-induced
cochlear injury, as current evidence suggests, then it is
important to understand the potential generators of
oxidative steess in more detail wo formulate a rational
approach to the development of effective pharmaco-
I(Jgical protection and treatment stl‘-atcgicS. f\ltlmugh
ischemia-reperfusion undoubtedly plavs a role, evi-
dence is accumulating that there may be other impor-
tant sources of ROS and other tree radicals in the
noisc-challenged cochlea. Postulated oxidative siress
generators  include mitochondrial generation of
excessive ROS in cochlear cells, glutamate excitotox-
icity secondary to excessive release of this neurotrans-
mitter from afferent hair cell synapses during acoustic
overexposure, GSH depletion in cochlear cells, and
harmilul fuxes in calcium ions within cochlear cells, It
is likely that the resultant damage caused by cochlear
oxidative stress is the result of multitactorial mecha-
nisms acling in concert, This comeepl is summarizec

in Fig. 32-2.

MITOCHONDRIA

A major source of free radicals generated in oxidative-
stressed cells is the mitochondria, Normally, 1% of
the reactions of the electron transport chain vield free
radicals. Under stress conditions, this percentage is
increased, and when mitochondria are damaged,
oxidative pbosphorvlation is inefficient, resulting in
the production of even higher levels of ROS. One of
the carly subcellular changes noted in nojse-stressed
cochlear hair cells is mitochondrial swelling, a hall-
mark of mitochondrial oxidative injury, It can be scen
as early as 2 to 4 hours alier the onsct of acute exces-
sive noise exposure; hence there is evidence that (1)
mitochondrial injury and (2) conscquent enhanced
levels of oxidative stress duce to an uncoupling of
oxidative phosphorylation are carly events in the
palhofunuh ol acoustic trauma. In further proof,

inhibition of mitochondrial self-repair intensifies
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1, Ischemia reperfusion

2. Excessive glutamate refease

3. Hyperproduction of ROS by mitrochondria
4. Enhanced nitric oxide synthase activity

5. GSH depletion {inhibition of cystine-glutamate antiporter)

6. Increases in intracellular calcium

Figure 32=2 Postuiared encrators of nowse-induced oxidutive
stress within the cochlea, Diagram I.'-'J.r!h\'.' organ of Cortt and stria vas-
celaris depicting possible generators of oxidative stress octurring in
s £ : ;
responic to acoustic overcxposure, Possible sites of action: (1) i
(‘hmmu-n.'pﬁrﬁ:.\‘ion injury may he I.:‘&:-ncruicd in the stria vascularic fy-‘
noisc-induced vasoconstriction; (2) excessive gfufamr.rrc release My
occur at the inner hair cell afferent svnapse und possibly at the smail

nuaber of affercnt synapses at the bases of ouzer hair cells (QOHCsy;

noisc-induced inner ear injury. In addition o l)cing
damaged by the very free radicals that the injured
mitochondria overproduce, other molecular events
related 1o intense noise mayv lead to mitochondrial
injury.

Glutamate excitotoxicity, GSH depletion, exces-
sive increases in intracellular calcium, and ischemia-
reperfusion can all lead to mitochondrial injury, and all
of these factors have been implicated in noise injury 1o
the cochlea. The consequences of mitochondrial injury
include loss of key mitochondrial molecules, such as
carnitine and cardiolipin, reduced activity of cvtochrome

¢ and other important enzymes, mitochondrial “elec-

tron leak” from the clectron transport chain, loss of

mitochondrial membrane integrity, and eventual onset
of mitochondrial-induced eell death. Mitochondrial
membrane  permeability. (MMP) is central in the

cell death process. With a sufficient degree of

mitochondrial injury, the mitochendrial membranes
become permeable to molecules and release respira-
tory enzyvme molecules (c.g,, cvtochrome ¢ that acti-
vate cell death effector proteins (e.g,, caspasesy, which
is one pathway lor activation of apoptosis, Programmed
cell death pathwayvs involving calpain, caspases, and
JNK/c-Jun molecules also have been noted 1o be

/3) miochondria prr}u’u::.'mn ey Jead 1o un ubnorma”)' hr(qh
amount of reactive exygen species (ROS) i hair cells; (4) 1ncreaed
nric oxide sy:zhuw activiey mdy lead to the production of nigh leveks
of miric oxide and related free radicals: (5) deplenron of glutathione
(GSI) may occur predeminantly within O Cs if the cpstine- ghutamare
- - - [N
dnRLIPOrLer i inhibited: and (6) increases in intraccllular calcium may
eccur in hair cellc rhmu‘qh g variety 0){ mechamsms. AX, a[]}.‘r@m

nerve: EXN, Cﬂérfm ncrve; HIC, inner hair cefl.

activated in the cochlea i response to a damaging level
of noise exposure.

ROS damage can depolarize mitochondria and
cause an increase in the permeability of mitochondrial
membranes that leads to pore formation and release
of cviochrome ¢ from the inner mitochondrial
membrane. Cytochrome ¢, once released from its
membranc-anchored location, can then pass through
the pores formed in the outer mitochondrial mem-
brane into the evtoplasm of the ROS-damaged cell,
Once ovtochrome ¢ enters the cytoplasm, it enters
into the apoptosome complex, where it combines with
APAF-1 (the human homolog of the ¢ efegans proapop-
tosis molecule CED-4) and can now activate procas-
pase-9 into its active lorm, caspasc-9 (Fig. 32=3).
Activated caspase-9 can noew act on downstream
procaspase molecules, such as procaspase-3, 1o convert
them to activated effector caspases (i.c., caspase-33. It
ix these activated effector caspase molecules that act
on apoptotic substrates within the ROSf:Iamagc:l
cell that cause the degradation of membranc lipids,
cellular proteins, and the typical pattern off DNA
degradation that forms a characteristic pattern of
DNA laddering that can be seen on gels and s

considered to be a sure sign of a cell’s irreversible
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commitment to apoptosis, This degradation of nuclear
DNA by the caspases and other degradation enzymes
(c.g., poiv-ARP-ribosc-polymerase [PARP] activated
by caspase also cause free ends ol the degraded
DNA 1o label with the terminal uridine nick transla-
tion end-labeling (TUNEL) technique used to identify
cells that are in the process of apoptosis. [t is this
damage to cellular proteins, lipid membranes, and
nuciear DNA that is downstream of the release of
cviochrome ¢ from the ROS-damaged mitochondria
that causes an irreversible commitment of oxidative
stress—damaged sensory cells 1o climination via
apoptosis. Because of all of the cell death events that
are activated by evtoplasm localized cvtochrome «,
the release of this respiratory chain enzyme from the
RON-damaged mitochondria into the cvtoplasm s
considered to be a significant step in a damaged

cell’s progress toward a commitment to a cell death

Figuri.‘ 32—3 Flow dia'gram \_.*,I"u cell-dearh pat "'“‘33'
showing rhe cascade of events Jrom ininating injusy 1o
apoptosis of damaged inner ear sensory colle. An injury
generates cnidarive stress within g sensory cell, causing
the generation of ROS and free radical damage than
activates d stress kinase cedl-dearh parfisvay (e.g., mitcgen
activated protein kindse) fMAPK], thar involves ¢- fun-N-
terminal kinase (JNK) and o Jun. NK/:c-Jun can then
cause hoth the activation I:J.d proapotic BIH-3, only
member of the Bcl-2 family (BEW) and damage o both the
inwer and outer mitochondrial membranes that resulis in
the release of cytochrome ¢ into the affected calls
crtoplasin, Once in the cytoplasm, cyiochrome © enters
the apaptosame, where it interacts with APAF-1 and acts
upon the pro- (imactive} form of an initiator {r.c.,
cospase-9), resulting in activared caspase-9, which then
gctivates the inactive forms of dewnstream ?'_,I',,"-.-'fr.:r
faspase m.'lilu.'(.'ifr’\. I{.g‘__{:'_. ('(T\lr‘-\‘{.'\e-_;). Unce activ (JEI.‘J. the
cl?'j.':.-_'n.\r caspases degrade cellular membrane lipids,
proseing, and nuclear DNA, which resulis in the apoproric
cell deatk of rhe affecred sensory cell. The Bel-2 family of
pro- and anti-apoprotic medecules oll act 1o eivher inhibir
(anti-) or inivate fpro-) pore formation in the mito-
chendrial membrares. ft iy the formation of peses in the
mitechondrial membrane thar releases the Qj'!O(‘hrn‘-n.u: I
[Jrom the mutechrendriea into the cyroplasm. Bcd-2 and
de acl 1o tnhihit pore frmation {anti-apopotic), and
BIM {pro-apopiotic) acts to tnhibit the nurochondrial
membranc stabilizing action of Bel-Z and Bf.’”,. BAX acts
directly (pro-vpaptotic) ta form pores in the mitechondriul

membranes.

(apoprosis) program. Members of the B cell lvmphoma
molecule two (Bel-2) family of anti- and pro-
apoptotic molecules plavimportant roles in the mito-
chondrial release of evtochrome ¢ into the evtoplasm
of a ROS-damaged cell within the inner ear, It is
the balance between the pro- and anti-apoptotic Bel-2
molecules that cither protects against or initiates
the depolarization of mitochondrial membranes,
formation of membrane pores, and release of
cvtachrome-c from the damaged mitochondria. BAX
and BIM arc pro-apoptotic members of the Bel-2
familv that act to enhance pore formation and te
inhibit the anti-apoptotic protective effccts of Bel-2
and Bel |, members of the Bel-2 familyv. BAX dircaly
forms pores in the mitochondrial membranes, and
BIM inhibits the anti-pore forming protection of Bel,
and Bcl\l, Bcl? an« de], )
stabilize mitochondrial membranes and prevent pore

anti-apoptotic factors, act to
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formation, preventing the release of cvotchrome ¢
from ROS-damaged mitochondria and the down-
stream cffects of Procaspase aclivation 1o its active
[orm as a caspasc. Thus, mitochondria mav act as both
a source of ROS and also as the cell executioner in the

face ol excessive oxidative stress.

GLUTAMATE EXCITOTOXICITY

Glutamate is a major neurotransmitter between inner
hair cells and aflerent cochlear nerve endings of the type

spiral ganglion neurons, It has been postulated that
exposure  to  excessive  sound  stimulation  causes
excessive svnaptic glutamate concentrations to develop,
which lead 1o ()\L‘l'klllﬂulall()ﬂ ol the glutaminergic
receptors, invoking metabolic cascades, w lmh in turn,
lead to cell injury and death. Some of the ])()unua]l
harmiful case a(lu setin action by glutamate excitotoxic-
ity mav include increases in mllauzllu]ar calcium with
the activation of calcium-dependent calmodulin, the
subsequent activation of nitric oxide svnthase (NQY),
rck'ulling in excessive production ol nitric oxide (NO),
and the generation of related tree radicals such as perox-
vnitrite. Other glutamare-induced  processes mav
include activation of protein kinases; phospholipase A
proteases, such as calpain; and xanthine oxidase, with
the subsequent generation of superoxide anions, in addi-
tion to mitochondrial injury, [,()(nking to central nervous
svstem glutamare excitotoxicity as an example, gluta-
mate excitotoxicity can be divided into an carly phase
{(up to 30 minutes) and a late phase (3—24 hours) of
ROS production consequent 1o exeessive glutamalc
production.’The latter phase of glutamate-induced ROS
pr()(lucti(m OCCUTs as 4 .\'clf'—]n'opagaling provess in which
damaged mitochondria become the source of both
additional ROS production and further damage 1o the
alfected cell.

Evidence [or the involvement ol glulamim‘rgir
synapses in the pathogenesis of NI includes the fact
that glutamate agonists infused inte the inner car can
create an injury to the organ ol Corti that is similar in
histology 1o a lesion caused by acoustic overexposure.
Also, a varicty of glutamate antagonists can partially
nrevent hoarinﬂ loss in experiments with animal models
1h|()u0h
noise-induced release of excessive glutamate is lhouohl

ol NIFIL. ()rcran ol Corti (lamam IJI(NILJ(C

to occur through a variety of dilferent mechanisms.,

At the level of the inner hair cell denedrites, excessive
glutamate release s associated with a massive influx of
ions and water into these dendritic terminals, leading to
loss of the dendritic process. Pujol and colleagues have

shown that this glutamate-initiated dendritic damage is
a g

at lcast partiallyv reversible, and that the dendritic
processes can be regenerated and form nes synapses
with the hair cells. Excessive glutamate release is also
l’lmught to cause an increase in the activits of NOS. The
resulting overproduction of NO, in wurn, can lead to the
production of several free radicals, such as peroxani-
trite, that can directly damage cellular structures, At the
level of the OHC, chronic excessive glutamate exposure
can [ead 1o intracellular GSH depletion, excessive dam-
age, and then to OHC loss, This mayv occur through
inhibition ol the glulamatc—(,‘}'stino antiporter that is
responsible for cxporting glutamate from cells and
importing cvstine, which is then converted to a key
building block molecule needed tor intracellular GSH
synthesis, Loss of the GSIEultimately leads to the cell's
demise because this protective molecule is key in the
bodv's defense against oxidative stress. As discussed in
the next section, other mechanisms may be responsible
lor noisc-induced GSH depletion. These concepts of
noisc exposure—gencrated oxidative stress are summa-
rived for the inner hair cells (IHCs) in Fig. 32—4A and
OHCs in Fig. 32—4B.

GLUTATHIONE DEPLETION

NIHL may, in part, e considered 1o result from the
consequences of a temporary reduction in cochlear
GSH in the face of oxidative stress. Because GSI s a
kev antioxidative stress metabolite, it depletion iy a
consequence of prolonged exposure o oxidative
stress; however, its depletion also exacerbates the
imbalance in the homeostasis ol cochlear tissues

caused byt Thus GSH

de pletion is both a consequence and a cause of oxidative

the ongoing oxidative injury,
cell injury. GSH is one of the kev cellular antioxidant
molceules present within cukarvotic cells. It is a
tripeptide compesed ol the amino acids gluramate,
cvsteine, and glveine, The rate-limiting enzvime for its
a\nthp is s y- leLllalTl\]L\’\l(HlL \\nthc tase, which is
1u»ulatul by [cedback inhibition l)\ its (n(l product,
rbll GSIT acts ax a [ree radical scavenger, as well as a
deroxilication molecule against h)(lrogx 0 peroxides
and other peroxides. GSIT keeps vitamins C and [ in
their reduced active states, maintains the thiol moicties
on proteins and peptides in a reduced state, and detoxifies
xenobiotics enzvmaticallv through the GSI-transterase
family ol enzvimes or l)‘. noncnzymatic action by
[(erlnrJ conjugates. ()\l(ll/r-d {inactiv c\ GSH (e C;S\(:)
is returncd 1o the reduced (active) GSH state through
GSSG reductase, and this reaction requires a molecule
of the reduced form of nicotinamide-adenine dinu-
cleotide phosphate (NADPI). Mcthods for increasing
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Il Metabotrople {(G-protains)

1. ischemia reperfusion

2. Excessive glutamate release

3. Increase in neuronal Cat++

4, Enhanced nitric oxide synthase activity

A 5. Enhanced ROS generation (NO and related species)

Figure 32—=d4 DPostulared generators of exidative stress in the organ
of Corri. (A) Inner hair cell (JHC): Excesiive release of glatamate
(Glu) from overstimulated inner hair celis activares (Alpha-amino-
3-bydroxy- 5-methvl-4-1sozazole propromc dcid (AMEA)-or N-methyl-
Dfasp(;'rmtc' (NMUDA)-s tipe q[fcn’m ncurenal pestsynapric
receptors. This leads 1o a massve influs of caleium and other ions
mie the dendriie, leading to the acrivation :‘7[' calmodulin. Nirric
exide synthase (NOSJ is then activated to produce miric oxrde (NO)
Jrom i-grginine (1-Ang) in conpunction with a variety gj'orhur reaciive
OXFijen Species. ()nh'nunl:;', gﬁcr I':c'mg trun\'porlcd NG d supporing
cell iy,* the giuzumu:c transporter (GLAST), Glu may be metabolired
te gluraniine (Gin) in a supporting cell by ghitamime synthetase and
recreled back mto the wner buir coll 1o be resynthesezed into Glu by
phosphate-activated ghataminase (PAG) locared in the muachendriu
(MIT). Hewever, the ‘I‘ﬁ”‘ [_))‘\ (fu may b oin excess of what the

cellular GSH include the administration of an esteri-
fied torm of GSII, methionine; 1-Nacetyvlevsteine
(NAC); 1-2-oxothiazolidine-4-carboxylate (OTC): or
Y-glutamyleysteine,

Glutathionine is not cell permeable, and 10 have a
protective effect against ROS formation and ROS
damage, GSH must be inside the cell. The esterificd
forms of GSH (i.c., monocthyl ester and dicthyl ester)
are cell permeable and are highly effective as a treatment
to prevent ROS damage within an oxidative stressed

NO,*

“ANO,*

Cystine-glutamate
antiporter
Cat+

Supporting cell

ﬁ Hucileus

1. Ischemia reperfusion

2. Excessive calcium influx

3. Hyperproduction of ROS by mitrochondria

4. GSH depletion (inhibition ot cystine-glutamate antiporter)

5. Aclivation of phospholipase A,

6. Activation of xanthine oxidase

7. Damage from NO or HNE B

supportiay cell GLAST cun metabelice. Oxpgen deprivation secondary
to sschegua reperfusion may play a role an several of the depicted
changes. {Modified from Nordang L. Cestreicher L Arnold 11 et all.
Glutamate 15 the ufferent newro-transmutter in the human cycle.
ot wl Actu U!m’m}'n(qof 2000:120:359—362.) (B) Outer hair cell
(QHC): OHCs arc separated from HCs by the tunacel of Corti and
have reduced numbers of ghuraminengic synapscs compared with those
present at the bases of the IHCe The cystine- glutamate antrporier »
shown. Ische‘tma—rcpa'{[lmon, increases inontracelfular calcium, and
hyperproduction of ROS by OHC mitochondria (MIT) may play o
rele 1 subjecting QNG to oxidative stress. Inhibition of the opstine-
glutamate antiporicr muy ke a source of ovdative trew unigue to the
OHC A hydroay 2,3-nonenal (HINE) may act as a refatively stable
tozic molecule generated Iy oxidative-stress and be ahic to diffusc he-

tween cellv AN, afferent nevron; EN, efferenr neiron; NO niric axnnde.

cell, The monocethyl ester is more stable than the (licth)']
ester of GSH and therefore a better protective molecule
for long-term administration. Esters of GSH when
placed on the round windos membrane (RWAM} can
protect the cochlea from iml)uls:e and continuaus noise
damage. GSH precursor molecules, OTC, and NAC
(a source of the GSH precursor molecule evsteine) have
been shown to reduce noise-induced threshold shifts
when administered systemically prior o cither continu-

OLUS (.‘.\'I)()SUI’(_‘ Lo NOISC Or CK})()SUI’L‘ to an impulsc neHse.
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INCREASES IN INTRACELLULAR CALCIUM

One theory of noise-induced cochlear injury holds that
acoustic overexposure leads to an excessive influx of
calcium ions into the hair cells, leading to injury and
death of the affected cells. lonic calcium plavs an
important, but as vet incompletely defined, role i
cochlear hair cell p}‘n siology, including regulation Of
transduclion, neurotransmitter release, OH(, slow
motility, and OHC a(laptation. Calcium ions normually
enter hair cells through 1-type calcium channels and
\'oltagc-scnsiti\'c calcium channcls.

During acoustic overexposure, harmful elevations in
intracellular calcium may oceur as a result of ROS-induced
or micromechanically induced damage to hair cell plasma
membranes and ROS-induced injury to calcium regula-
tory proteins, and OI'ganCHCS. such as mitochondria anel
mechanical stimulation. Increases in cellular calcium
levels can then induce a cascade of events, in('[uding
activation of phospholipases (damage cell membranes),
protein kinase C (disrupt microtubules), proteases such
as calpain (alter membrane permeability), and endonu-
cleases (impair protein synthesis). Activation of these
processes may lead to cell injury and/or death of the cell.

AMELIORATING NOISE-INDUCED
HEARING LOSS THROUGH
PHARMACOLOGICAL THERAPIES

Given the theories outlined in the ])rcccding section, it
follows that approaches to prevent or reverse acute NIHIL
should be designed based on known mechanisms of
pathagenesis, Hence, approaches to mitigate mitochonsdr-
ial injury, reduce glutamate excitotoxicity, replenish
(:5H, and reduce harmful intracellular calcium fluxes
have all met with somie measure of success (novel strate-
gies are presented and discussed in the following section).

PROTECTING/ RESTORATING
MITOCHONDRIA

Scidman and Van De Water (2003) have shown that a
mitochondrial metabolite known as acewvl-[-carnitine
(ALCAR) was effective in reducing age-related hearing
loss in a rat modcl of presbyveusis, Age-related hearing
loss is also thought to be related to the accemulation of
cochlear damage from chronic oxidative stress. We have
shown that ALCAR is also effective at reducing NIHL in
a chinchilla model when given before and after intense,
32-5). ALCAR

supplies acet/\'l moieties and carnitine. These molecules

conlinuous noise exposure (Fig.

enhance mitochondrial energy production and restore a
kev mitochondrial molecule known as cardiolipin, while

restoring mitochondrial membrane  integrity. This
restores mitochondrial efficiency with a consequent
reduction of mitochondrial free radical formation,
preventing mitochondrial-induced apoptosis.

Prevention of the release of cytochrome ¢ from
damaged mitochondria is also an effective therapeutic
approach to reduce NIHL that results from excessive
noise exposure. Cytochrome ¢ release from damaged
mitochondria can be prevented by preventing pore for-
mation (¢.g., overexpression of Bel-2 or Bel | via a gene
therapy vector) or interruption of the signaling cascade
of [NK/¢-Jun cell death signaling pathway (c.g., ¢-Jun
antisense therapy) that damages the mitochondria of
oxidatively stressed auditory sensory cells.

REDUCING GLUTAMATE EXCITOTOXICITY

Several strategies are possible for reducing noise-induced
glutamate 1oxiciwy, including countering the (lamaomg
jonic fluxes non\pauhta]]\ thrmwh magnesium supple-
mentation, or more specifically, thmuoh the application
of an antagonisim of glutamate receptor r—associated jonic
channels. Specific glutamate receptor antagonism can be
accomplished, and NOS can be inhibited. In addition,
treatment with esterified GSH can ameliorate the toxic-
ity associated with excessive glutamate release.
Carbamathione, a glutamate receptor antagonist, given
systc-mical]y to chinchillas hcginning prior to 6 hours of
exposure to a 105 dB SPL 4 kHz octave band noise,
reduced both hearing loss and hair cell loss (Fig. 32-3).
The decrease in NMDA receptor binding by glutamate is
thought to be due to a modification of the redox modula-
tor site on the receptor, Many glutamate antagonists avail-
able to date are associated with undesirable side cffects due
to the excessive activity of sorme of these blocking agents,
Carbamathione [$-(N,N-dicthylcarbamoyl) glutathione,
also known ax DETC-GS), unlike classical glutamatc antag-
onists that vicld complete inhibition at the Tevel of “interac-
tion with the receplor {(e.g, CGS 19755) or dircedy at
receptor-linked, caleium jon channels (e.g., phenevelidine
or MK 801), is thought to impart its inhibitory eftects
via interaction with the redox modulatory site of the
NMDA receptor. The latter tvpe of interaction produces
partial glutamate antagonism, is sclective for the NMDA
subtype of glutamate recepror, and should produce

lewer unwanted side offects.

RepucINnGg GSH Toxicimy

Maintaining, enhancing, and restoring cochlear GSH
levels have several potential advantages as a treatment
strategy to reduce NIHL., First of all, GSH is a kevin-
tracellular antioxidant and inhibitor of stress-induced



Carbamathione

MET

Figure 32=5 Trearment of noise-cxposed animals with either

aceryl-t-carnitine {ALCAR) or muthionine (MET) prevents loss of

hearing and audizory hair cells. Phoromicrographs are cochlear
surface preparations, with the hair cells stained with sodium sucei-
nate histochemistry. Micrographs on the left are fow-power £100°X)
and those on the right are high-power (00X ) images of the 6 kHe
regtons of cochleas. All photomicrographs were taken frem poise-
exposed animals treated with gither saline frontrody or ALCAR,
carhamathione, or MET, depicted in rows from top o bettom. The
single raw of inner hair cells (IHCs) Is oriented toward the hattom.

and the three rows of ourer hair cefls (OHCs) are roward the top of
cach micrograph. The conerol animal demonitrates an almost total
foss of viable (stamed) OHCs, with a seartered lass of JHCs in the
sound trauma lesion site. In contrast, mu'rolgraph.fv,rram METE and
ALCAR-treated nosse-cxposed animals demonstrate a single row af
intact HHCs and three complete rows of viable OHCs, similar to the
pattern of these sensory cells in non-noise-exposed cochleas (ner
shownj. Carhamathione-treared animals demensirated only partial
protection of the cochleas from sound trauma with an intermediare
level of OHC Josses,
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apoptosis. GSH is an effective detoxifving molecule

for lethal lipoperoxides, such as HNE, that may be
produced as a conscquence of excessive noise.
Additionaliv, GSH can counter the harmlul effects of
glutama[o cxcitotoxicity, mitochondrial injury, and
Thus GSH

levels scem to be important in amecliorating the

excessive intracellular calcium [luxes.
damage caused by all of the pathological mechanisms
deseribed for noise-induced, cochlear oxidative stress
mentioned in this review. GSH is rapidly metabolized
on its first pass through the liver and is poorly
transported into maost cells; it therefore has limited
bioavailability,
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GSH is not cell permeable and must be present
within a cell to provide cffective otoprotection; there-
fore, treatrent with unmodilicd GSH is inclfective as a
therapy. Fortunately, intracellular GSH levels may be
enhanced through the use of a variety of GSH or
cysteine precursors and cell-permeable torms {esters)
of GSI1.”
esters (GS1e), and thiazolidine related drugs, such as

Ihese agents, such as NAC, methionine, GSH
2-oxothiazolidine-4-carboxylate, have in common that
thev are readily transported into cells and serve as
intracellular sources of evsteine, which can be used by
the cell wo produce GSH, orin the case of GSH esters
have a direct action, All have been shown o reduce
Figure 32—6 Mehioning (MET) trearment protects heartng from
noite expesure—generated hearing loss and Joss of auditery hair cells.
(A) Auditory threshold shifis for saline-rreased and METtreated
animals following exposure to a damaging level of powe. Means for
cuditery thrashold shafts (dB SPL) plovied as a function of treaymen
ggroup (saline contrel-nose and MET treatment-noise), time [O ] hour},
or l, 2, 3 weels post-poiss exposure ], and m threshold tes ’nqua.ru )'ur
2,4, 6, and § EHe fnitiaf threshold shifis (week ) ranged from ~62 ¢
87 dB for the METnoise group, which were f.n::.uxl.‘{m'l" similar to
the saline-treated noise-cxposed group (p = .05), excepr for 6 kHz,
where the mean theeshold was significantly less than that ef controks
(p == .3 An everall treatment effect for the MEFtreatad group was
002} for

all tet frequencies heginning at week 1. Error bars are & standard

J"'.ln:".'n.'\llln.' '.'..lhl'l Ln,".'i'l‘l""d?'r.j '.'.I.!.ll'l l.'1|,, L1 .'IJ.".‘:,"-'ZIG'."-:, grrwp (P

error of means (SEM) Sample (n) size 15 12 for all groups (12 ears,
siv ammals). (B) Outer hair cell (OHC) cvrocachleagram resulrs
Drapicted are mean values (continuows ltngj and standard error of the
mean (shaded area) c‘/;.*m::uchniu'-'?grm:l:li‘_.f'-'?f OHCs MET-prereared
noise-expeied cochleas (solid line) and siline-treared neise-expased
cochleas (dorced Line). respecrively. The y-axis depicts mean percent
missing OHCs The lower s-auis represents percem dinance from the
cochiear apen, and the upper x-uxis depicts the esociated frequenc,
range of the cochleas in kHz. A very small loss of OHCs accurred in
the low-dose MET provecied cochleas (<210%), whereas substential
QHC loses occurred in the saline-control noise-exposed group (average
qf“"ﬁﬂfﬂ

<= .0 ). Frror bars are = standard error of means SEM

for the 4—10 kHx region). These differences were signifs-

cant fp
.\'amp].: (n) sizc is | Efor all growps ( [ 2 cars, six animals). {C)I Inner
hair cell (IHC) criocochicogram results. Hlustrated are the mean
velues of IHC cyrocochleagrams with misang IHC percentages on the
y-axiz a5 a funcuen of the meosured percent distance from the
cochiear apex. The asinciated Jrequency region of the cochlea in kHe
i alo plocced on the upper x-axis, and the percent distance from the
cochlear d'p.t‘.l.' is depicted on the fower x-anis. MET treatment fsolid
ling) u.'rﬂn' o sigmificant protection of THICs, as seen b; a reduction o
3% or Jess of IHC loss, with MET trearment versus over 20%% in the
sefine-treated antmals {p = 03}, Error fars are = gandard errer of

means SEM. Sampie (rp size was 12 for all groups (12 cars, stx animals,.
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NIHL in laboratory studics, Results for protection
against NIHL for methionine treatment are shown in

Figs. 32-6A, B, and C.

AMELIORATING THE EFFECTS OF INCREASES
IN [INTRACELLULAR CALCIUM

Approaches to reduce NIHL through the use ol calcium
channel blockers have been published in both the basic
science and the clinical literature, The calcium channel
blocker diltiazem was utilized pre- and postoperatively in
a prospective, rancdomized, deuble-blind study (Heinrich
ctal., 1999; Maurer ctal., §995) as an approach to reduce
noise trauma associated with otologic surgery. There was
a tendency toward reducing noise-induced permanent
threshold shifts in those patients given diltiazem, bur this
eftfect on NIHL did not reach statistical signilicance. Addi-
tional work in an experimental model has shown that
diltiazern may modulate prccipitabh‘ calcium in the hair
cells in guinca pigs after noise exposure, as well as reduce
clamaac to the organ of Corti caused by a sudden impulse
noise, However, other/stidies snmice and gerbils found
no protective cftect from neise with cither diltiazem or
another calciwm channel blocker, nimodipine. With re-
gard to diltiazem, it may not achicve an adequate drug
level in the inner ear due to issues related to its ability to
cross the blood-cochlear barrier. At present, calcium
channel blockers have not been found to be consistently

eflective in rt;‘ducing NIHL in experimental models of

sound trauma.

A varicty of approaches can be imagined to reduce NIHL
pharmacologically (see summary in Fig. 32-7A,B).
Several GSH-restoring anpounds are in clinical use at
this time and are orall\ well tolerated with few side
effects, These agents can be given in tablet form prior 1o
loud noise exposure in the \\'Orkplacc or in a recre-
ational setting, Recent evidence shows that NAC and
MET, two molecules used for intracellular GSH synthesis,
can reduce NIHL substantially when given as a treatment
agent shortly alter noise exposure. As previously
nunlmncd (J‘sH has mulur:-h positive effects, mdudmo
protecting and restoring mitochondrial function, 1uluun"
the Cf[CG_l:a of g‘lulamalc excitotoxicity, reducing thc
injury associated with excessive intracellular calcium
levels, and preventing stress-induced apoptosis. Because
of these many positive effects, the strategy to reduce
acute NIHL I))' augmenting inner ear GSH levels or
dircet treatment with an esterihied form of GSH is quite
appealing. An additional strategy of clinical utility may
be 1o treat with the mitochondrial metabolite ALCAR,
ALCAR has been shown to be effective in rc?(lucing
NIIL when given around the time ol the acute noise

Noise-induced stress
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Figqure 32—7 Nose-damage activ

tom af cell death (apoprois)
wihin e cochica. (A) Cell death pathways. An outline of how
noise-induced cress can lead to cell death in the cochlea. Multiple

":n.'.'.'fr.s';.’ll: v are I'J‘.f:r.:'{t' to be invelved. [pstream events include the

generation of reactive pxygen specics (ROS) aind perhaps o patholag-
i ) Lygen 5 / f FEa u

seal increase in iniracetlular caleium. 4-hydroxy 2, 3-nonenal (HNE)
i fl.'?c]jl'rj.rs.r.r.'r.:xj downstream of the .'.*.-:n.in'-J:mr.-rb.\c'-:'nurua'd burst of
RON ‘,-'.-r._wr,f“»_'.:J.'an Increases in imeracellular calcivm also may eocur al
several points due to ROS-induced cell injury, including mitechende
1al injury. Mirochondrial membrane };cmh‘:rbh/duon (HME) is a
cencral event in the cell death process. Caspases may be acivared
it hcrdf.'-.".’.r'.x ing MMWP or independent .L.-' HMP Caspases may activate
c-fun (fNK/c-fur) cell death
pachway downstream of MMP or be activared independently and

also can occur downseream of

the ¢-fun-N-terminal kingwe and

upsrream of MMP Caspase activation
(INK/¢-Juny acrivarion (see Fig. 32-3). Upstream activarion fs

depacred

in thiz figure. Calparn activation, caspase activarion, fNK

activation, and MMP can all lead o0 coll death by interrelated and

atsa by independent patbways. (B) Potential pomnis of intervention

far the treatment of NIHL and apoprasis of avditory sensory celis,

Upstream points of intervention include the we of antiovidant and
free radical scavengers to prevent the formation of ROS, 1o scasenge
ROS, and to pewtralize HNE. More dawnstream interventions include
the vie of inkibiters of calpain, JNK, ond caspases. Anorher down-
stream steategy would be o neutralive WMP effeciors and/or to

prevent mitechendrial membrane pore formation.
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CXposure, High dosage levels of ALCAR are approved
for clinical application and have been used for a vear or
longer to treat chronic neurodegenerative discases and
diabetes, The use of glutamate antagonists shows
promisc; however, clinical side elfects with these agents
may Hmit their uselulness. l;xpcrimcnlal evidence 1o
date would suggest that calcium channel blockers are
less likely 1o ])L effective clinically than the other agents
already JI\lL «d and discussed in this chapter.

.J\nol]ur set of interesting treatment strategics mighl
be to treat the noisc-injured cochlea with drugs that
block programmed cell death pathwavs. While GSlle,
MLET, and pcrhap.\' ALCAR can all [ul(ill this role, other
more specific apoptotic pathway inhibitors mighl e
cmploved, For example, leupepting a calpain inhibitor,
has been found to be somewhat cffective in reducing
noisc injury 1o the cochlea; there are both pancaspase
inhibitors and specific inhibitors of caspases that have yet
10 be tested as a protective therapy against NIHL. Tnves-
tigators have published success in rulucing NIHLD in
animal models by inhibiting steps in the mitogen
activated protein kinase (MAPK) signaling pathway of
apoptosis and more specilically, mixed lincage kinases
(MLK=) that lead 1o the activation of the [NK/c¢-Jun
segment of this pathway and alzo a peptide inhibitor that
direetly blocks the activation of the ]\'K molecule,

Finall\' a future strategy for revising ](mo—wmndinu
NIHL m:s_}u involve regencration of u)ghl{ ar sensory
hair cells coupled with 1l1C reestablishment of functional
svnapses, Birds have been shown to form new auditory
hair cells through cell division of support cells followed
by differentiation of new hair cells and support cells
and/or vransdifferentiation of existing support cells as
sources of replacement hair cells. The newly formed
replacement hair cells acquire new synaptic connections
and restore auditory function. Mammnmals have not been
shown to form new hair cells after injury in mature
animals, This may be cxplainc(l in part by the presence of
cell proliferation inhibitors found to be active in the
cells of the mature mammalian cochlea. Nevertheless, in
the future it may be possible to override this block on
proliferative regencration through the use of lmphic
factars alone or in combination with inhibitors of ¢ell
proliteration inhibitors. Genes important for the genesis
of hair cells in mammals, including Nowch, Math 1. Brn3.1
and many others, are just being discovered. Therefore, it
may become possible to manipulate the expression of
these gences or o deliver these genes Lo cochlear epithe-
lial tissues to effect a hair cell regeneration response
with return of function in humans. An initial study of
Math I gene Lhuap\ in a mammal Suggests that thix may
be p()\\l[’)l(_‘ This approach will require much a(l(lmonal

research, and the possibility of the renewal of cachlear
hair cells in arrears of damage and hair cell loss,
although distant, seems real.

CONCLUSION

NIHL remains an important 21st century ()tolar}'ngolog’\"
health problem responsible for permanent hearving loss
in some [0 million individuals in the United States alone.,

Current hearing conservation measures involving
cngineering, avoidance, and the use of HPDs remain
important but have their limitations. A futurc comprchen-
sive hearing conservation program may include pharma-
cological treatment 1o prevent and/or reverse acute
NI, The “oxidative stress hvpothesis™ of noise-induced
cochlear injury and loss of auditory sensory cells suggests
a variety of pharmacological treatment strategies to ame-
liorate NIHL. These strategies include the oral adminis-
tration of several different compounds before or after
noise exposure, These compounds include agents to re-
plenish cochlear GSIT (e.g., NAC), esterified GSHe, mi-
tochondrial protectants (v.g., ALCAR), glutamate toxicity
antagonists, or calcium channel blockers, or agents to pre-
vent noise-induced cochlear vasoconstriction, Addition-
ally, specific programmed cell death pathway inhibitors
(c.g., round window membrane application of ¢-Jun anti-
sense oligonucleotide therapy or D-JNKI- | treatment)
may prove to be useful clinically, Finally, the ability 1o ini-
tiate auditory sensory cell regeneration through gene
therapy looms in the future as a challenge, an exciting
possibility, and a worthwhile goal 1o restore not only
NHIL but also sensorincural hearing loss from other
causes.

NOTE

The views expressed herein are those of the authors and
do not reflect the official policy or position ol the
Department of the Navy, Department of Defense, or the
United States government,
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SELF-TEST QUESTIONS

For cach question select the correct answer from the
lettered alternatives that follow. To check vour answers,
see Answers to Sell-Tests on page 716
1. Limitations of mechanical personal  hearing
protection devices include
A.  Noise energy exceeds protection atforded by
the device,
B. Transmission of (lamaging acoustic cnergy
through the skull
C. Improper ht of the device
. Limitations in protection from different
frequencies of noise
E. All of the above
E. Aand Conly
2. The oxidative stress hyvpothesis of noise-induced
hearing loss
Ao Is supported by the finding of noise-induced
lutathione (GSHY, lipid
pcroxidati(m pmdutls, antioxidant cuzvme

changes in cochlear g

activity, and free radical concentrations
B, Predicts that oxidative injury is the major cause

ol cochlear damage regardless of the degree of

sound pressure level exposure

C. s consistent with the hnding that agents that
increase cellular GSH decrcase noisc-induced
cochlear damage

. s contradicted by the finding of the activation
of programmed cell death pathways in the
cochlea after intense noise exposure

Puel ]I, Ruel [, Guitton M, Pujol R. The inner hair coell
afferent/eflerent synapses revisited: 3 basis for new
therapentic  strategics,  Adv - Otorhinolaryngel  2002;
59:124—130

Seidman M, Van DeWater TR, I’hnrmamlugim] manipulation of the
inner ear jroview]. ENT Journal 2003,52:276-288

Seidman MD, Van De Water TR. 1’}1:1rnmc'()ln)gi(' m.mipu]ali(m
ol the labyrinth  with novel and  traditional agents
delivered to the inner ear. Far Nose Threat | 2003
82276300

Van De Water TR, Lallemend ¥, I:}\hl'ag)!l AA et oal, Caspascs,
the enemy within: their role in oxidative stress-induced
apoptosis of iner car sensory cells [review|. Otol Neurotol
2004

E. Aand Conly

. Band D only

G, Athrough D

3. Involvement of mitechondria in noise-inducad
cochlear injury can be described by which of the
ﬂ)“owing?

A, Mitochondria are a major source of oxidatve
SLICSS,

B.  Miwochondria play an important role in the
initiation of cell death processes after acoustic
exposure,

C.  Mitochondria are insensitive w glulamato levels
induced hy noisc.

D, Mitochondria furnish their own GSH and are
resistant to GSH depletion.

E.  All of the above

o Aand Bonly

4. The time [rom acute narrow-band noise exposure 1o
the Joss of the majority ol outer hair cells and
establishment of a permanent hearing Joss is best
measured in

AL Minutes

B.  Hours

C. Days

D, Weceks

E. Months



